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During gastrulation of the sea urchin embryo, primary mesenchyme cells (PMCs) migrate from the vegetal pole to a site
below the equator of the embryo where they form a ring-like structure and begin producing the larval skeleton. As these
cells migrate, they extend and retract ®lopodia which appear to interact with the basal lamina and underlying ectoderm.
To better characterize this behavior in vivo, we studied PMC migration using differential interference contrast (DIC)
microscopy in combination with four-dimensional imaging (x, y, z space and time). We were able to determine the persis-
tence and direction of extension of each ®lopodium and were also able to observe the dynamic behavior of each using
colorized movie loops. This analysis showed that: (1) Most ®lopodia are quite transient, usually persisting for less than
0.5±6.0 min, during which time they continuously survey their surroundings; (2) PMCs extend an average of 121 ®lopodia/
hr during migration; (3) the initial direction of extension of ®lopodia from the cell body is random, with just as many
®lopodia projecting toward as away from the direction of migration; (4) as a consequence of (2) and (3) above, each PMC
explores the area surrounding its cell body approximately once every 5 min; (5) PMCs nearer to the target site migrate
faster than those located farther away. To further investigate ®lopodial distribution, confocal microscopy was used to
collect z series of PMCs transplanted to different locations in the embryo and ®xed during migration. We found that more
®lopodia tended to be distributed toward the target site as cells approached the ring, suggesting that ®lopodial distribution
may re¯ect regional differences in directional cues. q 1995 Academic Press, Inc.
INTRODUCTION One population of migrating cells which has been exten-
sively studied in the sea urchin embryo is the skeletogenic
Directional cell migration plays a critical role during de- primary mesenchyme (for reviews see Solursh, 1986; Decker
velopment in all metazoans and continues to be important and Lennarz, 1988; Wilt and Benson, 1988; Ettensohn, 1991;
in the mature organism for processes such as wound repair, Ettensohn and Ingersoll, 1992; Ettensohn et al., 1996). Early
in¯ammatory response, and tumor metastasis. Therefore, in gastrulation, the presumptive primary mesenchyme cells
the mechanisms of cell guidance and locomotion are being (PMCs) lose af®nity for the adjoining cells of the vegetal plate
intensively studied in many systems (for reviews see, Trin- and the hyaline layer surrounding the embryo (Fink and
kaus, 1984; Hynes and Lander, 1992; Sheetz et al., 1992; McClay, 1985) and ingress into the blastocoel. They then mi-
Condeelis, 1992, 1993; Stossel, 1993). One system which is grate from the vegetal pole of the embryo to a position below
exceptionally useful for studying these processes is the sea the animal/vegetal equator, where they form a characteristic
urchin embryo which, due to its optical clarity and the ease syncytial network known as the PMC ring. This ring consists
with which embryos can be microsurgically altered, pro- of two ventrolateral clusters and dorsal and ventral chains of
vides an excellent opportunity to follow in vivo migration cells that connect the clusters. Once the ring is formed, skeletal
during embryogenesis. growth begins with the formation of a triradiate spicule ele-
ment in each cluster. These elements elongate and eventually
form the larval skeleton.1 Current address: Laboratory of Developmental Biology, Na-
As PMCs migrate, slender (0.5 mm in diameter) ®lopodiational Institute of Dental Research, Building 30, Room 407, Na-
are continuously extended and retracted from their cell bodiestional Institutes of Health, 30 Convent Dr. MSC 4370, Bethesda,
MD 20892-4370. (Gustafson and Wolpert, 1961; Gustafson, 1963; Karp and So-
552
0012-1606/95 $12.00
Copyright q 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ m4450$8044 11-13-95 15:34:29 dba Dev Bio
553Four-Dimensional Analysis of Filopodia
lursh, 1985). Filopodia can extend at a rate of 1 mm/min from Previous studies of ®lopodial behavior and morphology
have involved analysis of ®xed specimens by scanning andcells migrating in vitro (Karp and Solursh, 1985) but can pro-
ject outward as rapidly as 10 mm/min in vivo (Gustafson and transmission electron microscopy, and analysis of live cell
behavior in vitro and in vivo using time-lapse, two-dimen-Wolpert, 1967). Some reach a length of 30±40 mm, with an
occasional ®lopodium exceeding 40 mm in length (Gustafson sional cinematography and videomicroscopy (Gustafson
and Wolpert, 1961; Katow and Solursh, 1981; Karp and So-and Wolpert, 1967; Karp and Solursh, 1985; Malinda and Et-
tensohn, 1994). During migration, ®lopodia appear to interact lursh, 1985). To generate a more detailed picture of ®lopod-
ial activity in vivo, we developed a system using four-di-with the basal lamina which lines the blastocoel (Katow and
Solursh, 1981) and with the surfaces of epithelial cells (Gustaf- mensional (x, y, z, and time) microscopy to collect images
of migrating PMCs, and interactive computer programs toson, 1963; Spiegel and Spiegel, 1992; Ettensohn, unpublished
observations). These observations suggest that PMC guidance aid in analysis of ®lopodial behavior over long periods of
time. Images were analyzed to determine if ®lopodial pro-cues are substrate-associated and may be located on one or
both migratory surfaces. Although the speci®c location of the jection was random and to what extent ®lopodial behavior
changed over time and as PMCs approached the ring site.cues has yet to be determined, recent work has shown that
they are widely distributed throughout the embryo, possibly To determine if changes in ®lopodial distribution were sta-
tistically signi®cant, confocal microscopy was also per-as a gradient that guides the cells to the ring site (Malinda
and Ettensohn, 1994). formed on ¯uorescently labeled ®xed PMCs located differ-
ent distances from the ring site.Electron microscopic studies have shown that ®lopodia
appear to contain both microtubules (Gibbins et al., 1969;
Tilney and Gibbins, 1969a; Katow and Solursh, 1981) and
®laments resembling F-actin (Tilney and Gibbins, 1969b). METHODS
Inhibition of microtubule assembly by nocodazole appears
to have no effect on the extension, retraction, or movement Embryo Culture
of ®lopodia in vitro, suggesting that microtubules are nei-
Adult Lytechinus pictus sea urchins were obtained fromther essential for ®lopodial formation nor for activity (Karp
Marinus, Inc. (Long Beach, CA) and intracoelomic injectionand Solursh, 1985). Addition of colchicine to intact em-
of 0.5 M KCl was used to induce gamete shedding. Eggsbryos, however, results in a decrease in the number of ®lo-
were washed in Instant Ocean (IO) (Aquarium Systems,podial processes observed by transmission electron micros-
Inc.), fertilized with dilute sperm and cultured in IO in glasscopy (Tilney and Gibbins, 1969b), suggesting that different
bowls. The rate of development was controlled by placingclasses of ®lopodia may exist on migrating cells. Inhibitor
the bowls in constant-temperature water baths at 15±187C.studies testing the role of actin ®laments in ®lopodial be-
havior show that when PMCs are cultured in the presence
of cytochalasin D, an inhibitor of actin ®lament polymeriza- Antibodies and Immunostaining
tion, there is a loss of ®lopodial activity and collapse of the
The monoclonal antibody (mAb) 6a9 (Ettensohn andprocesses (Karp and Solursh, 1985).
McClay, 1988) was used as a marker for the PMC pheno-As the above discussion demonstrates, the relationship be-
type. This antibody recognizes the PMC-speci®c glycopro-tween ®lopodial extension and directional migration of the
tein msp130 (Farach et al., 1987; Leaf et al., 1987; Parr etPMCs to the ring site is not well understood. Previous observa-
al., 1990) and several other related PMC-speci®c cell surfacetions suggest that PMCs may extend ®lopodia randomly as
glycoproteins (Ettensohn and Fuhrman, unpublished obser-they migrate to the ring (Gustafson and Wolpert, 1961) but it
vations). Immunostained whole mounts were prepared ac-is not clear if the distribution changes as the cells approach
cording to Ettensohn and Malinda (1993), with the modi®-the target site. Randomly distributed processes have been ob-
cation that embryos were pre®xed in 4% paraformaldehydeserved on migrating Dictyostelium discoideum amebae,
in ASW for 1 hr at 257C and post®xed for 20 min in absolutewhich extend similar numbers of pseudopodia on both their
methanol at 0207C.leading and trailing edges in the presence of a chemoattractant
(Varnum-Finney et al., 1987a,b). Other cells, however, show
a differential distribution of the processes they extend in re- Cell Transplantation
sponse to a chemoattractant. For example, studies with poly-
morphonuclear leukocytes have shown that these cells tend To study the ®lopodial behavior of individual cells, PMCs
were transplanted into the animal-most third of the blasto-to extend more pseudopods on the side of the cell facing the
chemotactic stimulus (Zigmond, 1974). This type of polarized coel, the animal pole region (APR), of mesenchyme blastula
stage embryos following the methods of Ettensohn anddistribution has also been observed with neurons, which ex-
tend protrusions toward explants or transformed cells produc- McClay (1986, 1988) and Ettensohn (1990). Embryos were
then removed from the microinjection chamber and immo-ing chemoattractants (Lumsden, 1992; Kennedy, 1994). Fur-
ther studies are necessary to determine whether or how the bilized on polylysine-coated coverslips using tape spacers
to prevent the embryos from being compressed by the slidedistribution of PMC ®lopodia changes in response to direc-
tional cues in the embryo. (Ettensohn and Ruf®ns, 1993). Once on the slide, embryos
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FIG. 1. A two-dimensional mask was generated from each ministack by ``gray level masking'' each ®lopodium. (A±C) Consecutive DIC
images from a ministack containing 12 images. Several ®lopodia can be observed in these images. (D) Two-dimensional mask generated
when the gray level masks of each ®lopodium were or-ed together. Each ®lopodium has a speci®c gray value and can be easily distinguished.
Scale bar, 10 mm.
were placed on the microscope stage at 257C and ®lopodial and McClay (1988). Embryos were then placed at 257C for
2±3 hr prior to ®xation to allow the transplanted cells suf-behavior was observed for 1±2 hr (see below). Alternatively,
to analyze ®lopodia in ®xed specimens by confocal micros- ®cient time to extend ®lopodia and begin migrating.
copy, several (2±5) PMCs in mesenchyme blastula stage
Four-Dimensional Live Cell Analysisembryos were relocated from the vegetal pole to the APR
with a stream of ASW from a glass microneedle using a To analyze cell behavior in vivo, slides containing micro-
manipulated embryos (see above) were mounted on a Zeissmodi®cation of the PMC depletion method of Ettensohn
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Axiovert microscope and observed using a Zeiss 100X (N.A. Ministacks were postprocessed using our own custo-
mized software, which was optimized for tracking and iden- 1.3) plan NeoFluar objective and Nomarski differential
interference contrast (DIC) optics. Ministacks, usually 10± tifying ®lopodia. These programs were written in TCL com-
mand language which executes in the BDS Image software15 focal planes in the z axis with a step size of 1 mm, were
acquired at each time point to insure that each ®lopodium environment. Initially, all images in a particular experiment
were appropriately contrasted to 8 bits to render the ®lo-was imaged in focus over its full extent. Images were col-
lected using a 12-bit, thermoelectric-cooled CCD camera podia most suitable for viewing and to reduce memory re-
quirements. Occasionally a sharpening ®lter was used to(Photometrics, Ltd., Tucson, AZ) and image acquisition
software (BDS Image, Biological Detection Systems, Inc., further enhance ®lopodial edges. All frames in a particular
ministack were then displayed side-by-side so that each par-Pittsburgh, PA). To speed up the acquisition sequence, the
actual ®eld size read out from the camera was reduced to ticular ®lopodium could be subjectively identi®ed. Each
was then gray level masked (each ®lopodium was tracedinclude only the region immediately bounded by the PMC
under study, including its full complement of ®lopodia. using a speci®c shade of gray) using an interactive drawing
routine (Fig. 1). This was the rate-limiting step in the four-Generally, 30±40 sec was required to acquire and store a
ministack. This time varied according to the number of dimensional analysis since it required the manual identi®-
cation and tracing of each ®lopodium. The masks were thenimages per stack and the size of the image acquired. Occa-
sionally, the stage was moved to recenter the PMC in the logically ``or-ed'' to produce a single two-dimensional pro-
jection of all ®lopodia contained in a particular ministack.®eld of view. The behavior of the cell was recorded for 2 hr
or until it came in contact with the ring site. Distances (Or-ed refers to a method of combining two images in which
corresponding pixels are bitwise compared, and if eitherbetween the cell and the ring at the start and end of re-
cording were estimated based on the straight line distance input is 1, the output bit is set to 1.) Regions at which
different ®lopodial masks overlapped were deleted to avoidbetween the edge of the migrating cell and the edge of the
nearest PMC in the ring. Due to the fact that the PMC ring confusing the gray level coding scheme. This was repeated
for all time points (ministacks), using the same binarywas not fully formed at the start of the experiment the
starting distance of the cell to the ring may be inaccurate equivalent to identify the same ®lopodium throughout the
sequence. Since ®lopodia are very dynamic, it was often notby 1±2 cell diameters.
FIG. 2. The number of times a PMC surveyed its surroundings, in a given time-lapse sequence, was calculated by determining the
number of times each sector on the cell body contained at least one ®lopodial root. (A) An acetate sheet containing sector markings at
457 angles was oriented on top of a mask with the center point on the approximate center of the PMC. Consecutive masks were then or-
ed together until one ®lopodial root was found in each sector. Due to or-ing, the same ®lopodium appears several times in the image.
This cell also appears polarized, with gaps (arrows) located parallel to the ring site indicated by the vertical line. Colors represent the
persistence of the ®lopodia in the time-lapse sequence. The colors in decreasing order of persistence are: red, green, blue, and white, which
correspond to persistence levels 1, 2, 3, and 4, respectively (see Table 3). (B) Image showing all the ®lopodia extended by one cell over a
period of 89 min. Filopodia are rated on a color scale ranging from white (most persistent, persistence level 1) to dark gray (least persistent,
persistence level 4) with persistence decreasing as a function of the intensity of the gray color. The ring site is indicated by the vertical
line. (C) A two-dimensional projection of one frame of a time-lapse sequence showing a PMC body surrounded by ®lopodia. Colors
represent the persistence of the ®lopodia (see A above). The ring site is indicated by the vertical line. (D) An or-ed image showing the
tendency of ®lopodia to point toward the ring (line) in the ®nal few frames of a time-lapse sequence. Scale bar, 10 mm.
FIG. 3. Colorized two-dimensional masks were used to observe the behavior of individual ®lopodia. (A, B) Two consecutive masks
showing the rapid change in the appearance of a branched ®lopodium with a root to a more lamellar ®lopodium (arrows). Time between
masks is 33 sec. Colors of ®lopodia refer to their persistence (see Fig. 2). (C, D) Two consecutive masks showing the transition between
a straight morphology and a curvy morphology (arrows). Time between masks is 33 sec. Colors of ®lopodia refer to their persistence (see
Fig. 2). (E) An example of long-lasting contact between the tip of one ®lopodium and the substrate (arrow). This image is the result of
three consecutive masks which were or-ed together. The colors represent the order of the three consecutive images in the time-lapse
sequence with the red image being ®rst and the blue image being the last. Areas where the three colors overlap turn white highlighting
areas of prolonged ®lopodial contact with one location on the substrate. The length of time this contact persisted was 99 sec. Scale bar,
10 mm.
FIG. 4. Diagram showing how the angle of ®lopodial projection was calculated from ministacks and images of ®xed cells. (A) Diagram
showing the relation of the calculated angle and the ring site. 07 was considered to be pointing directly toward the ring, 1807 was pointing
directly away, and 907 was parallel to the ring site. An angle of 0±897 was considered to be pointing toward the ring site, 91±1807 was
considered to be pointing away, and ®lopodia which were 907 from the ring were evenly distributed between the two classes. For ®xed
cell analysis the angle of each ®lopodium was calculated in a similar manner using NIH Image. (B) Two-dimensional projection of a
ministack showing how the computer determined the angle of ®lopodial projection. Blue lines are the tracings of the ®lopodia present in
the ministack. Using these lines the computer drew a line from the tip of each ®lopodium to the end attached to the cell body and
calculated the angle between this line and the target site. Red lines represent ®lopodia pointing toward the ring and green lines represent
®lopodia pointed away. The ring is indicated by the vertical line. Scale bar, 10 mm.
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possible to follow speci®c branches extended by a single without removing the chamber from the microscope stage,
permitting continuous observation of cells during ®xation.®lopodial root through several ministacks, especially in
cases of highly branched ®lopodia (see below). Therefore, The PMCs were ®xed in one of the following ways: (a) with
absolute methanol for 20 min at 257C (Ettensohn and Ruf-the persistence of ®lopodia was calculated based on the
length of time the ®lopodial root was present in the time- ®ns, 1993), (b) with 70% ethanol for 20 min at 257C, (c)
with a 10% formalin solution in ASW for 1 hr at 257C, orlapse sequence.
All subsequent analysis was performed on the two-di- (d) with 4% paraformaldehyde in ASW for 1 hr followed by
a 20-min post®x with absolute methanol at 257C (Ettensohnmensional mask images. Mask images were registered so
that the presumed region representing the PMC cell body and Malinda, 1993). Filopodia were continuously observed
during each ®xation protocol with a Nikon Diaphot micro-was always situated in the center of the image ®eld, which
greatly facilitated movie-making. For additional analysis, scope using 20X (N.A.  0.75) and 40X (N.A. 0.85) Nikon
Fluor lenses, and the morphology of ®lopodia was recordedthe two-dimensional mask images were loaded into NIH
Image and time-lapse movies were generated using the prior to, during, and following ®xation.
video options. Also, by carefully choosing our gray level
coding schemes, we could utilize NIH Image color lookup
Confocal Microscopy and Fixed Cell Analysistable options to selectively highlight speci®c ®lopodia in
color. In addition to observing ®lopodial behavior in movies, To visualize ®lopodial processes in ®xed embryos, immu-
we developed interactive software to calculate and recode no¯uorescently stained embryos were analyzed using con-
the ®lopodial masks according to the persistence, angle of focal microscopy. Whole mounts were examined with a Bio-
projection relative to the target site, and length and width Rad MRC-600 confocal laser scanning microscope (LSM)
of each ®lopodium in each set of two-dimensional masks. equipped with a 15-mW krypton±argon laser. Images were
Using these methods it was possible, for example, to gener- collected using 60X (N.A. 1.4) and 40X (N.A. 1.0) plana-
ate time-lapse movies that showed the behavior of subsets pochromat oil immersion lenses. Images were collected
of ®lopodia, such as only the most persistent or transient with the pinhole aperture set at the minimum setting to
ones or those which project toward or away from the ring. optimize z-axis resolution.
The processed masks were also used to determine the NIH Image was used to generate two-dimensional projec-
number of times a migrating cell investigated its surround- tions of the z series (average of 12 slices/cell) and to calcu-
ings during a given time interval (by projecting ®lopodia late the distance from the PMC to the target site, the length
around its entire circumference). An acetate sheet with an of each ®lopodium and the angle it formed relative to the
eight-sectored grid was placed on the computer screen and target site (Fig. 4). The distance from the target site was
masks were or-ed together to create a composite image of calculated as the straight line distance between the leading
®lopodial activity over time, with the center of the sector edge of the PMC and the nearest PMC in the dorsal/ventral
grid positioned over the approximate PMC center (Fig. 2A). chains of the ring. A straight line was drawn between the
This was done until at least one ®lopodial root was located base and tip of each ®lopodium and the angle of this line
in each sector, and the composite images were saved for with respect to the ring site was calculated (Fig. 6). The
later reference. The number of times the cell surveyed its tendency of a ®lopodium to project toward the ring site was
surroundings in a given time interval was then calculated. calculated for PMCs grouped according to their distance
from the target site. In these and other studies, the sign
test was used to test ®lopodial distribution for statisticalAssessment of Fixation Conditions
signi®cance. The number of ®lopodia projecting toward and
To select ®xation conditions for confocal microscopy, an away from the ring per cell was counted; ®lopodia which
in vitro system was used to determine which ®xation proto- projected parallel to the target site (roughly 10% of all
col best maintained ®lopodial morphology. Coverslips were ®lopodia) were divided equally between the two groups.
coated with ®bronectin following the method of Karp and Those PMCs with equal numbers of ®lopodia projecting
Solursh (1985) with the following modi®cations: 1 ml of a in both directions were counted against the signi®cance
10 mg/ml solution of ®bronectin (isolated from fetal calf probability.
serum following the method of Ruoslahti et al., 1982) in
0.1 mM sodium bicarbonate, pH 11, was dried onto each
coverslip. Coverslips were rinsed with ASW and then im- RESULTS
mersed in culture dishes of IO. PMCs were then isolated
from mesenchyme blastula stage L. variegatus embryos fol- Filopodial Morphology
lowing the method of Ettensohn and McClay (1987) and
placed on top of the coated area. Cells were allowed to To generate a detailed picture of ®lopodial behavior we
used four-dimensional DIC microscopy to observe the pro-adhere to the coverslips for 2 hr before the coverslips were
attached to an egg injection chamber designed by Seth Ruf- cesses extended by cells migrating in vivo. Due to the
method by which the time-lapse images were collected and®ns (personal communication). The design of the chamber
allows the medium overlying the coverslip to be changed processed (see Methods) it was possible to follow the behav-
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TABLE 1
The Velocity of Migration and the Number of Filopodia Extended by Cells Different Distances from the Ring Site
Distance from
Total time cellringa (mm)
was observed Velocity of migration Number of ®lopodia Number of ®lopodia
Cell no. Start End (min) (mm/sec) extendedb extended/min
1 36 14 39.0 0.56 86 2.2
2 55 4 142.0 0.33 268 1.9
3 58 ND 89.0 ND 128 1.4
4 77 63 98.5 0.14 324 3.3
5 95 87 65.0 0.12 83 1.3
Note. ND, Not determined.
a Distance from the ring is the approximate distance from the edge of the migrating cell to the nearest cell within the PMC ring. Since
the PMC ring is not fully formed at the start of the experiment and tends to be displaced slightly toward the animal pole, this measurement
may underestimate the distance between the start point and the ®nal ring position by 1±2 cell diameters.
b The number of ®lopodia extended is based on the number of ®lopodial roots formed during migration and not on the number of
branches extended from the roots.
ior of individual ®lopodia over time. Observations of ®ve average maximum length of 6.0 mm (n  48), with a range of
1.3 to 12.7mm, determined by following individual ®lopodiaPMCs migrating toward the ring from different positions in
the APR showed that large numbers of ®lopodia are ex- through time. It was apparent that these and other classes
of ®lopodia usually extend from the side of the cell bodytended by the cells (Table 1) with an average of approxi-
mately 120 ®lopodia extended per hour. Additional analysis closest to the substrate. Occasionally ®lopodia were ob-
served higher up on the cell body, in some cases at least 8±suggested that ®lopodia can be grouped into two general
classes: those that are branched and those that are un- 10 mm from the migratory surface, but these comprised
fewer than 1% of the ®lopodia extended by the cell.branched. The branched class makes up approximately 80%
of the total ®lopodia extended from the cell and can further Several additional parameters were analyzed to better
characterize ®lopodial behavior during PMC migration. Us-be subdivided into 3 types: (1) those with branches that
extend from thick root-like structures (80%) (Fig. 3A), (2) ing the length of each unbranched ®lopodium as determined
for 2 cells (cells 2 and 3 in Table 1), the rate of ®lopodialthose with several branches projecting from the same posi-
tion on the cell body but which do not appear to have a extension was calculated for ®lopodia projected during each
time-lapse sequence. The average rate of extension wasthickened root (15%), and (3) those that branch distally, i.e.,
along the ®lopodium but at a distance from the cell body found to be 0.13 mm/sec with a range of 0.01 to 0.30 mm/
sec. Due to the time required to acquire and store min-(5%). Branching can occur spontaneously during the initial
extension of a process, but can also occur long after the istacks and given the possibility that ®lopodia could be ex-
tending during the intervening time interval (see Discus-main ®lopodial root has formed. As shown in Figs. 3A and
3B, branched ®lopodia with thickened roots have a tendency sion), 0.13 mm/sec may be an underestimate of the rate of
®lopodial extension.to increase in width from as little as 1 mm to as much as
14 mm near the base, becoming lamellar in form. Approxi- We also examined the length of time that the tips of
®lopodia remained ®xed at particular sites on the basal lam-mately 50% of the branched ®lopodia that have roots exhib-
ited this behavior, which was rarely observed in branched ina/ectoderm. Approximately 99% of the tips did not re-
main ®xed in position for more than 29 sec (the shortest®lopodia without such roots (5%) or in unbranched ®lo-
podia (5%). The average length of the branches of the time needed to acquire a ministack) and in movie loops
appeared to continuously sweep back and forth over thebranched ®lopodia was 5 mm at any given time point, with
a range of 0.2 to 31.0 mm. Due to the dynamic nature of the substrate. In this manner they surveyed approximately a
157 arc of territory. The remaining 1% remained ®xed forbranches, it was not possible to follow speci®c branches
extended by a single root through several ministacks or to only 89±132 sec and did not show any apparent bias in
distribution with respect to the ring site or with directiondetermine the maximum length of any individual ®lopodial
branch. of migration (Fig. 3E). It also appeared that the majority of
®lopodia maintained their relative position and orientationThe other general class of ®lopodia, simple, unbranched
®lopodia, comprise only about 20% of the processes ex- along the PMC cell body, indicating that the cell body does
not rotate during migration. Only ®lopodia that were ex-tended by the cell. These tended to be shorter and less per-
sistent, although their persistence varied considerably, tremely persistent were observed to shift position along the
PMC during migration, possibly due to changes in the shaperanging from 33 sec to as long as 13 min with an average
of 2 min (n  70). We found that these ®lopodia have an or position of the cell body.
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TABLE 2
The Relationship between the Location of a Cell in the Embryo and the Initial Direction of Filopodia Extension
Percentage of ®lopodia
Distance from ring initially extended Total number of Total number of
Cell no. at start (mm) toward the ringa ®lopodial roots ®lopodial branches
1 36 55 86 105
2 55 51 268 348
3 58 48 128 157
4 77 52 324 376
5 95 44 83 98
a The percentage of ®lopodia extended toward the ring was calculated based on the angle of the ®lopodial root the ®rst time it appeared
in the sequence. For those cases in which a root had several branches an average angle for the root was calculated. Filopodia with angles
of 07±897 were considered pointing toward the ring while those with angles of 917±1807 were considered pointing away. For those cases
in which the angle was 907, ®lopodial roots were divided between those cases pointing toward and away (see Fig. 4).
Observations of movie loops further indicated that all persistence classes based on the length of time they were pres-
ent during the time-lapse sequences (Table 3). In the case of®lopodia, including branched ones, undergo rapid transi-
tions from straight and ®laform to a curved or wavy shape branched ®lopodia, persistence refers to the length of time the
®lopodial root was present in the sequence. Processes which(Figs. 3C and 3D). Although wavy ®lopodia can straighten,
the majority of the time ®lopodia exist in a wavy form. were present at the start of acquisition or were still present in
the last ministack were not included unless they could be as-Straight ®lopodia can also bend at sharp angles, at times
resembling the ``stiffened bristles'' observed by Gustafson signed to the longest or second longest persistence classes. The
average angle of each ®lopodial branch during the entire se-and Wolpert (1961) and Karp and Solursh (1985). There was
no apparent correlation between the curviness of a ®lopo- quence was then determined as described above. As Table 3
shows, there was no apparent correlation between the persis-dium and the extension or retraction of the process or its
association with the substrate. Both straight and curvy ®- tence class and the ®lopodial distribution, or between the over-
all distribution of ®lopodia for any of the persistence classeslopodia were observed in close proximity to the substrate
(1 mm) as well as projecting approximately 2±3 mm above and the distance from the cell to the ring. We also observed
that there was a tendency for the most persistent ®lopodia tothe migratory surface.
be oriented opposite one of similar persistence (Fig. 2A) and,
due to the way persistence was calculated, these were often
Distribution of Filopodia on Migrating Cells branched with large roots and were fewer in number compared
to those in the other persistence classes. Filopodia of the leastPrevious studies have suggested that ®lopodia extend ran-
domly from migrating PMCs (Gustafson and Wolpert, persistent class tended to be more evenly distributed around
the cell body (see ®lopodial distribution in Figs. 2A and 2C)1961). However, this contention has never been rigorously
tested. Two approaches were taken to analyze ®lopodial at each time point. Even though it appeared that ®lopodial
distribution was generally random, we observed that 3/5 cellsdistribution. First, we determined whether protrusions ex-
tend randomly from PMCs by measuring the angle each showed a tendency to project more ®lopodia toward the ring
site in the ®nal 10 or 20 ministacks of the time-lapse sequence®lopodium forms with respect to a ®xed landmark. This
was done by connecting the base and tip of each branch (Fig. 2D). This tendency was further investigated by analyzing
the ®lopodial distribution on large numbers of ®xed PMCs (seewith a straight line and measuring the angle with respect
to the direction of the ring (Fig. 4A). In those cases in which below).
We also determined the frequency with which a PMCa ®lopodium had several branches, the angle of each branch
was used to calculate an average angle for the root. Filopodia explores its surroundings during its migratory phase by cal-
culating the time required for a cell to extend at least onewith an angle of 0±897 were considered to point toward the
ring, while those with angles between 91 and 1807 were ®lopodium into each ``sector'' around the cell. This was
done by or-ing images to generate a time average image ofconsidered to point away. Filopodia which pointed 907 from
the ring were divided equally between the two populations ®lopodial activity (see Methods and Fig. 2A). This analysis
showed that a PMC surveys its entire surroundings, on aver-(Fig. 4B). The percentage of ®lopodia extended toward the
ring was approximately 50%, supporting the view that the age, once every 5 min, or more than 30 times during a
migratory phase that normally lasts at least 3 hr. Time aver-initial direction of extension is random (Table 2).
We also determined whether there was any correlation be- aging studies further indicated that no ®lopodia extend from
limited regions of the PMC perimeter for brief periods, re-tween the length of time a ®lopodium was present and the
direction in which it pointed. Filopodia were grouped into four sulting in transient ``gaps'' (Fig. 2A). In 4/5 cells studied,
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TABLE 3
The Relationship among Filopodial Persistence, Filopodial Distribution, and the Distance from the Cell to the Ring Site
Persistence classesa
1 2 3 4 Total ®lopodiab
Number Number Number Number Number Percentage
toward Number away toward Number away toward Number away toward Number away toward Number away toward
Cell No. ring from ring ring from ring ring from ring ring from ring ring from ring ring
1 0 0 1 1 10 6 32 27 43 34 56
2 0 0 6 2 20 19 104 109 130 128 50
3 2 2 1 0 8 8 39 39 50 49 50
4 0 0 1 3 19 19 105 93 125 115 52
5 2 2 0 1 5 5 33 30 40 38 51
Total
®lopodia 4 4 9 9 53 56 324 295 388 364
a Persistence values were determined by the computer based on the length of time a root was present in a speci®c sequence. Class 1:
89±40 min; class 2; 39±20 min; class 3: 19±5 min; class 4: 4±0.5 min.
b Filopodia were considered pointing toward the ring if their average angle from the target site over the entire sequence was 07±897 and
away from the ring if the angle was 917±1807. For those cases when the angle was 907, ®lopodial roots were divided between those cases
pointing toward and away (see Fig. 4).
multiple gaps were sometimes observed that tended to be nearer to the target site; 0.56 mm/sec for a PMC placed 36
mm from the ring and 0.12 mm/sec for a cell placed 95 mmoriented on the lateral surfaces of the migrating cells, giving
them a bipolar appearance. Filopodia eventually formed from the ring. This increase does not appear to correlate
with the number of ®lopodia extended by the cells per uniteven in these gaps, indicating that PMCs survey their sur-
roundings in all directions during migration (Fig. 2B). time, since the cell with the highest rate of extension (3.3
®lopodia/min) was the PMC which was 77 mm away fromLast, we attempted to determine if the average speed of
the migrating PMCs changes as they approach the target the ring (cell 4 in Table 1).
site. The distance of a cell from the ring at the beginning
Filopodial Distribution in Fixed Specimensand end of recording was determined and the time it took
for the cell to move this distance was calculated. Table 1 To investigate the distribution of ®lopodia in a larger
sample population, ®xed specimens were studied. First, be-shows that the speed of migration was faster for cells placed
FIG. 5. Filopodia of PMCs migrating on a slide coated with ®bronectin do not extend or retract during ®xation with 4% paraformaldehyde
followed by methanol. (A) DIC image of a PMC prior to ®xation. Arrows show the location of ®lopodia. (B) The same cells 20 min after the
addition of methanol post®xative. The ®lopodia do not appear to shrink during ®xation and the extension of additional ®lopodia was not
observed. Scale bar, 20 mm.
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FIG. 6. Confocal image of a ®xed PMC immunostained with mAb 6a9. (A) Image showing the orientation of the PMC relative to the
ring site. This cell was approximately 33 mm from the ring site. (B) The same image with the lines used to calculate the angles of projection
using NIH Image. Angles are written next to the respective ®lopodial projections. Scale bar, 10 mm.
cause the embryo turns opaque during ®xation, preventing 14% (9/63) had a random distribution or had more (£2)
®lopodia projecting away from the ring while, 86% (54/63)direct ®lopodial observation, it was necessary to use an in
vitro system to assess the effect of different ®xation proto- had more (1±8) ®lopodia pointing toward the ring site. A
PMC in this region had, on average, 2 more ®lopodia thatcols on ®lopodial morphology. We tested several different
substrates and found that PMCs on slides coated with ®- point toward the ring site than away, suggesting that the
®lopodial bias toward the ring site is slight. Beyond 59 mmbronectin appeared to have ®lopodia closely resembling
those seen in vivo (Karp and Solursh, 1985). Fixation with from the ring, 42% (17/41) of the PMCs had a random ®lo-
podial distribution or had more (£5) ®lopodia pointing away4% paraformaldehyde or 10% formalin followed by a post-
®xation with absolute methanol was found to preserve ®- from the ring, while the remaining 59% of the cells (26/41)
had more (1±4) ®lopodia pointing toward the ring. The signlopodial morphology and no retraction, extension, or reori-
entation of the ®lopodia was observed after ®xation (Fig. 5). test showed that ®lopodial distribution on PMCs approxi-
mately 60 mm or more from the ring was not biased signi®-Additionally, the length of ®lopodia in confocal slices of
immuno¯uorescently labeled whole mount embryos was cantly (Table 4). Further analysis showed that there was no
apparent correlation among ®lopodial length, the distri-similar to the lengths of ®lopodia observed on PMCs migrat-
ing in vivo (Malinda and Ettensohn, 1994), further demon- bution of the processes on the cell body, and the distance
from the cell to the ring (data not shown). These resultsstrating that the ®xation accurately preserved ®lopodial
morphology. suggest that ®lopodial distribution changes as PMCs near
the target site.To determine whether the distribution of ®lopodia
changes as cells near the ring site, PMCs were dispersed
throughout the APR of the embryo and were ®xed and pro-
cessed 2±3 hr after microsurgery, when the transplanted DISCUSSION
cells were migrating. A z series of each migrating cell (n 
104) was then collected with the confocal microscope and Choice of Microscopy
using NIH Image several parameters were calculated, in-
cluding the distance between the PMC and the nearest PMC Time-lapse cinemicroscopy and time-lapse, video-en-
hanced DIC microscopy have been used to observe cellsin the ring site, the length of each ®lopodium (or ®lopodial
branch) and the angle of each process relative to the target migrating in vivo in optically clear specimens with much
success (e.g., Gustafson and Wolpert, 1961; Erickson andsite (Figs. 4 and 6). PMCs were then grouped according to
their distance from the target site and the relationship be- Trinkaus, 1983). However, given the thickness of living em-
bryos, diffuse out-of-focus light often blurs and destroystween ®lopodial distribution and the distance from the tar-
get site was assessed. Analysis indicated that ®lopodia are image contrast, resulting in a loss of important structural
information. Additionally, cell protrusions are highly dy-preferentially distributed toward the ring when PMCs are
within approximately 60 mm of the target site. This distribu- namic structures that go in and out of focus because their
activity is three-dimensional, a problem which is increasedtion was determined to be signi®cant using the sign test
(Table 4). There was, however, some variation in the num- when high magni®cation and numerical aperture lenses are
employed in the hope of maximizing resolution. Using arti-ber of ®lopodia pointing toward the ring when assayed on
a per cell basis. Of the 63 PMCs 0±59 mm from the ring, ®cial surfaces and explant preparations to study migration
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TABLE 4
The Distribution of Filopodia on Fixed Cells Grouped According to Their Distance from the Target Site
Signi®cance
Distance from Number of ®lopodia Number of ®lopodia Number of Percentage of ®lopodia probability Number
the ring (mm) toward ring away from ring total ®lopodia toward ring (%)a of cells
0±19 63 39 102 62 0.4 15
20 ±29 58 25 83 70 0.2 13
30 ±39 53 22 75 71 1 10
40 ±49 55 28 83 66 3 14
50 ±59 57 31 88 65 2 15
60 ±69 40 32 72 55 80 10
70 ±79 29 23 52 56 90 9
80 ±89 29 19 48 60 10 8
90±135 41 40 81 51 80 10
a Probability that the null hypothesis is correct and that the observed distribution is due to chance.
in two-dimensional environments (for example, see Nakat- we generally had no way of determining which processes
actually were in contact with the basal lamina and whichsuji and Johnson, 1984; Katow, 1986; Lane and Solursh,
1988; Bentley and O'Conner, 1992) partially alleviates these ones penetrated it. Collecting optical sections in this orien-
tation reduced the likelihood of observing ®lopodia project-problems but can be disadvantageous because cell behavior
under these conditions may not truly re¯ect the situation ing toward the center of the blastocoel, an occurrence which
appears to be rare based on previous observations (Gustafsonin situ. As a whole these problems, and the limited avail-
ability of image processing programs designed to aid in the and Wolpert, 1961; Katow and Solursh, 1981).
analysis of DIC images, have often made ¯uorescence mi-
croscopy the method of choice for 3-D applications. Unfor-
Filopodial Behaviortunately, although confocal ¯uorescence microscopy and/
or ¯uorescence microscopy and deconvolution techniques Because PMC protrusions exhibit various morphologies,
ranging from slender to more thickened, lamellar structurescan remove much of the out-of-focus blur and vastly im-
prove 3-D resolution, these techniques can be relatively it may be inaccurate to assume that all these cell processes
are equivalent. Katow and Solursh (1981) addressed thisslow when applied to live embryos and can introduce the
additional problem of phototoxicity. problem by attempting to classify cell processes based on
scanning and transmission electron microscopy and thenIn the current study we have used a different approach to
analyze cell migration in vivo in an optically clear speci- correlating these processes with those observed on migrat-
ing PMCs in vivo in L. pictus embryos. Six types of pro-men, 4-D DIC microscopy. We found that rather than trying
to remove out-of-focus blur, we could take ministacks and cesses were identi®ed based on their morphology. Three
were considered ®lopodia: ``type 1''Ðslender, branched ex-then choose one or two good optical sections which best
displayed each ®lopodium with suitable contrast. Images tensions with a wider trunk region approximately 0.6 mm
wide; ``type 2''Ðslender unbranched protrusions whichwere further improved by contrast enhancement and, in
some cases, ®ltering following image acquisition. However, reached approximately 6.0 mm long; and ``type 3''Ðshort
processes approximately 0.3±1.8 mm long which were ex-due to the constraints of the imaging system we were not
able to collect ministacks faster than 29 sec, with most tended in the direction of migration and were reported to
shorten as the cell body advanced based on live cell observa-requiring 33±39 sec due to the image size and number. Al-
though it is possible that some ®lopodia extend, retract, and tions. Two types of bleb-like protrusions and an additional
type of short process called lobopodia were observed, butdisappear during the time it takes to write image stacks to
disc (approximately 15 sec), other studies of PMC behavior these did not appear to participate in migration (Katow and
Solursh, 1981). The processes identi®ed in this study wereindicate that ®lopodia are rarely this transient (Gustafson
and Wolpert, 1961; Katow and Solursh, 1981; Karp and So- classi®ed based on measurements of specimens ®xed for
electron microscopy and it is not clear if ®lopodia ®xed inlursh, 1985; Malinda, unpublished observations). Another
limitation was that the relationship between the tips of this manner are always representative of normal ®lopodial
morphology. Since no direct observation of ®lopodia during®lopodia and the basal lamina was obscured by the underly-
ing ectoderm and therefore could not be followed closely ®xation was possible, the potential for retraction and/or
reorientation of the processes during ®xation cannot bein ministacks of live embryos. This was true even though
we always collected ministacks beginning within the ecto- ruled out.
Four-dimensional tracking of migrating PMCs has dem-derm and sectioning up through the PMC body. Therefore,
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onstrated that cellular processes rapidly interconvert be- other times, voids in ®lopodial distribution occur along the
PMC periphery which we referred to as gaps. One possibilitytween structures resembling slender ®lopodia and lamelli-
podia which are large and ¯attened, retaining or resorbing we have not yet carefully explored is that PMCs are at least
partially polarized and that protrusive activity is reinforcedthe slender processes as they change morphology. This type
of interconversion has also been observed with processes in certain regions of the cell at the expense of others.
The velocity of the migrating cells is dependent uponextended by migrating deep cells in Fundulus (Trinkaus and
Erickson, 1983). Due to this type of activity we limited their position in the embryo. Previous observations of
PMCs migrating from the APR to the ring site have sug-our classi®cation to just two general classes of ®lopodial
processes. The ®rst class consists of ®lopodia that are long, gested that the speed of the cells increases as they near the
target site (see Ettensohn, 1990, Fig. 2). In the current study,slender, and unbranched and range in length from 1.3 to
12.7 mm. These ®lopodia are similar to Katow and Solursh's we also observed an increase in the velocity of cells placed
nearer to the ring site compared with cells that were located(1981) type 2 and 3 processes. The second type are those
which are branched, the majority of which contain a large nearer to the animal pole at the start of the experiment.
This increase in velocity may be due to changes in ®lopodialroot attached to the cell body. The individual branches of
these protrusions range in length from 0.2 to 31.0 mm. This distribution, perhaps in response to differences in the nature
of guidance cues as the cells near the target site (see below).class appears to resemble Katow and Solursh's (1981) type
1 processes except that the roots in the current study are Studies of the response of migrating D. discoideum amebae
to cAMP have shown that the velocity of these cells in-wider (1.0±14.0mm vs 0.6 mm). Additionally, although other
members of the branched class resemble ®lopodia, 50% of creases as they move up diffusible gradients of chemoattrac-
tant (Varnum, 1985; Fisher et al., 1989). Although embryothose with large roots appear to convert to a more lamellar
morphology, suggesting that they may represent a unique perfusion experiments provide strong evidence that diffus-
ible gradients are not involved in directing migrating PMCsclass of lamellar protrusion.
We did not observe a clear relationship between the type to the target area (Malinda, 1995), it is possible that PMCs
are responding to an increasing gradient of guidance cuesof process and the direction of migration, contrary to the
observations of Katow and Solursh (1981). Despite the fact that are substrate-bound.
that our analysis demonstrated that ®lopodia are highly dy-
namic, it was not apparent that any of the different morpho-
Filopodial Distributionlogical classes of ®lopodia had distinctive roles in migra-
tion. We particularly looked for obvious shortening of ®lo- We have provided the ®rst quantitative evidence that ®-
lopodia are initially extended with equal frequency towardpodia but did not observe any correlation between the
shortening processes on the leading and/or trailing edge and and away from the prospective target site, consistent with
previous qualitative descriptions of ``random'' ®lopodial ex-the migration of the cell in a speci®c direction. Instead,
continuous extension and shortening of protrusions was ob- ploration (Gustafson and Wolpert, 1961). We observed, how-
ever, that there was an increased tendency for ®lopodia toserved on all sides of the cell, at least at the levels of spatial
and temporal resolution we could achieve in this analysis. be oriented toward the ring site near the end of the time-
lapse sequences (Fig. 2D), although this distribution wasWe also could not relate ``waviness'' or bending to contrac-
tion or to any other kind of movement related to locomo- not apparent if one considered the distribution of ®lopodia
over the entire sequence. Confocal light microscopic analy-tion. Wavy transitions have also been observed with the
®lopodia extended from growth cones which move back sis of the processes extended by 104 cells showed that ®lo-
podial distribution changed as cells neared the target siteand forth, as well as up and down during migration, only
transiently attaching to the migratory substrate (Sheetz et (Table 4). This was a subtle effect, perhaps explaining why
it was dif®cult to detect in the time-lapse sequences of liveal., 1992; Wu and Goldberg, 1993). Analysis of the angle of
projection of ®lopodia in live cells also did not support any cells. However, 3 of 4 cells (cells 1, 3, and 4, Table 1) that
were migrating within 60 mm of the target site, or wereobvious alignment of ®lopodia with respect to direction of
migration (see below). approaching the region near the end of the sequence,
showed a slightly polarized distribution in the last 10±20One of the most distinctive features of PMC migration
is that the cell body is generally surrounded by vigorous frames of the sequence or, in the case of cell 1, were slightly
polarized during the entire sequence (Table 3).®lopodial activity which clearly is focused near the basal
lamina/ectoderm interface. PMCs extend an average of 121 The transition between random ®lopodial distribution
and a more polarized distribution occurred approximately®lopodia/hr during migration and at any one time have an
average of 6 ®lopodia (most branched) extending from the 60±70 mm from the ring, suggesting that there might be
regional differences in the distribution of the directionalcell body. Using time-lapse and image averaging, we esti-
mate that the ®lopodia of a given PMC survey all sectors cues. Previous studies of PMC migratory behavior in micro-
surgically altered embryos have shown that guidance cuesof the surrounding ectoderm as often as once every 5 min.
This means that over the course of migration (several are distributed throughout the blastocoel and may be ar-
ranged in a gradient (Malinda and Ettensohn, 1994). Thehours), they have ample time to ``assimilate'' their sur-
roundings and perhaps identify other PMCs en route. At biased distribution of ®lopodia suggests that as the cells
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near the ring site, they may be responding to changes in chinery that allows them to respond to external stimuli by
undergoing changes in their levels of intracellular [Ca2/]these guidance cues by projecting ®lopodia preferentially
toward the target site or that such ®lopodia are more persis- and in their morphology (Davenport et al., 1993).
tent than ones extended away from the ring. Additional
analysis of the motile behavior of live cells in close proxim-
ity to the target site will be required to distinguish between ACKNOWLEDGMENTS
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